Higher strength and toughness are required for offshore steel plates used for natural gas 
Introduction
In recent years, rising energy demand has spurred more active development of offshore petroleum and gas fields, and construction quantity of offshore structures for use in drilling and production has increased. Because the areas being developed are continuing to expand from the moderate regions of the past into cold districts and icy waters, the requirements placed on steel materials now include not only higher strength and heavier thickness, but also low temperature toughness [1] [2] [3] [4] [5] . Particularly due to the enormous impact in the unlikely event of an accident involving an offshore structure, the crack tip opening displacement (CTOD) property of weld joint, which is based on fracture mechanics, is also required in addition to the Charpy impact test 6, 7) . In general, the temperature in the requirement specification for the CTOD property is −10°C, but in recent years, there has also been a heightened need for the −40°C low temperature specification.
The welding processes used with offshore structural steels are multi-pass welding, such as submerged arc welding (SAW) and multi-pass flux-cored wire arc welding (FCAW). The heat affected zone (HAZ) in multipass welding is affected by a complex repeated heat cycle. In particular, the microstructures that reduce the CTOD property with poor toughness are the coarse grain HAZ (CGHAZ), which is heated to near the melting point of the steel, and the inter-critically reheated CGHAZ (ICCGHAZ), in which reheating is performed in the dual-phase region of ferrite (α) and austenite (γ) when the CGHAZ is subjected to the welding heat cycle in the next welding pass. These two microstructure are called the local brittle zone (LBZ) [8] [9] [10] [11] . Especially in the ICCGHAZ, carbon concentrates in the γ that forms by reverse transformation when the material is reheated to the dual-phase region temperature, and upper bainite, which contains martensite-austenite constituents (M-A) and displays poor toughness, is formed in the subsequent cooling process. This has a large adverse effect on the CTOD property. Although it is necessary to increase the carbon equivalent (Ceq) by adding alloying elements to the steel composition in order to meet the needs for higher strength and heavier thickness steel materials, on the other hand, from the viewpoint of weld joint performance, this increases the amount of M-A, causing a remarkable deterioration in the CTOD property. For this reason, it is difficult to satisfy both base metal strength and the joint CTOD property. Moreover, it is particularly difficult to satisfy both requirements with higher strength/lower temperature specifications.
To overcome this challenge, JFE Steel developed an offshore structural steel for extreme low temperature service with excellent HAZ toughness by adding a technology that utilizes Ca inclusions to a technology for improving HAZ toughness by using advanced microalloying control.
This paper introduces the features of the developed yield point (YP) 420 MPa class steel for CTOD −40°C service, together with the performance of steel plates and weld joints of the developed steel.
Composition Design and
Manufacturing Technology of Developed Steel 2.1 Performance Targets Table 1 shows the performance targets of the developed steel. The developed steel conforms to S420 and S460 of the EN10225 (EN: European Norm) standard, MDS-120 Y30/Y35 of the NORSOK (norsk sokkels konkuranseposisjon) standard, and 2 W Grade 60 steel of the API (American Petroleum Institute) standard. The plate thickness is 76.2 mm, and the CTOD specification temperature is −40°C.
Improvement of CTOD Property of Weld Joint
The concept of improving the HAZ toughness of the developed steel is shown in Fig. 1 . As mentioned previously, the CGHAZ is a region where the steel is heated to just below its melting point of the steel by welding, and as a result, γ grains undergo coarsening. Dispersion of particles that suppress grain coarsening is effective for improving the toughness of the CGHAZ. Precipitates which are stable at high temperature, namely, TiN 1, 12, 13) and oxysulfides [14] [15] [16] , have a long history of use for this purpose. However, in order to suppress grain growth, it is necessary to disperse a larger number of finer particles, as expressed by the Zener Equation 17) (R = α • r/f, R: Grain diameter, α: Constant, r: Radius of precipitate particle, f: Volume fraction). In TiN control, while strictly controlling the amounts of added Ti and N and the Ti/N ratio, the thermal history is also optimized in the production process, and improvement of the toughness of the CGHAZ is realized by securing the most effective distribution condition.
In addition to the TiN control technology, in the developed steel, refinement of the HAZ microstructure was performed by newly promoting the intragranular bainite transformation to satisfy the requirements for low temperature toughness of weld joint. JFE Steel has developed and realized practical application of steels for large heat input welding by utilizing the function of Ca inclusions as nuclei for the α transformation in order to improve HAZ toughness in large heat input welding joints in the shipbuilding and construction fields. These steels use Ca inclusions in control of the HAZ microstructure, which comprises mainly α microstructure 18) . However, it was newly found that the same inclusions are also effective in refinement of small heat input welding HAZ microstructure of high strength steels. The HAZ microstructure consists mainly of bainite. This finding was applied in the developed steel. It is thought that Ca inclusions have both a pinning function and a transformation nucleation site function. That is, while suppressing grain boundary migration by dispersion in the steel, Ca inclusions also serve as nucleation sites for the bainite transformation, even in the cooling process in small heat input welding, and thereby contribute to refinement and high toughness of the HAZ microstructure. An example of this is shown in Fig. 2 . A heat pattern that simulated small heat input welding was applied by using a laser microscope, and the effect of the Ca inclusions in the cooling process was investigated. The observed Ca inclusions were mainly oxysulfides composed of Mn, Al, etc. As can be seen in the figure, the Ca-based inclusions also function as bainite transformation nucleation sites, while continuing to suppress grain boundary migration by a pinning effect. The amount of addition of these Ca-based inclusions and the manufacturing conditions are controlled precisely so as to obtain the optimum composition and morphology in actual manufacturing. The ICCGHAZ, which is the other LBZ, is the region where the CGHAZ that formed in the 1st pass is heated in the (α + γ) dual-phase region between the Ac 1 and Ac 3 points in the next pass. Because the austenite that is formed by the reverse transformation process has a large solute carbon content, carbon is distributed from the ferrite phase to the austenite phase, where it concentrates. Continued cooling in this state causes the carbonenriched austenite to form brittle upper bainite with a high M-A content, and this reduces toughness. The key points for improving the toughness of this microstructure are refinement of the CGHAZ, which was the prior microstructure, and reduction of the amount of M-A 19) . In order to suppress M-A formation, in addition to the importance of low C and a low Ceq, which have the largest effects, low Si, low P, and low Nb are also effective 2, 3) . Figure 3 shows the effects of the C and Si contents on the toughness of the ICCGHAZ in the third reheating cycle. Toughness is improved, even under reheating to approximately 400°C, by reducing the contents of C and Si. This is because Si is almost insoluble in cementite, and reducing the Si content promotes the formation of cementite and facilitates decomposition of M-A 20) . This effect is considered to reduce the size of the LBZ in the HAZ in multi-pass welding, resulting in improved toughness.
In addition, reduction of impurity elements such as P, N, etc. and proper addition of Ni are effective for improving the toughness of the matrix. Ni is an element which makes it possible to increase strength while suppressing the negative effect on toughness. Therefore, the proper amount of Ni is added, considering the balance with other alloying elements.
Features of Developed Steel

Chemical Composition and Manufacturing Process
The chemical composition of the developed steel is shown in Table 2 . To decrease M-A, the C and Si contents are reduced, and the optimum amount of Ni is added in comparison with the conventional YP420 class steel. On the other hand, Ceq is increased in order to secure strength. To improve HAZ toughness, TiN particles are controlled, and to form Ca inclusions, which are effective for the control of the HAZ microstructure, the amount of Ca addition is controlled, together with the amounts of addition of other complexing elements. Figure 4 shows the manufacturing process. In the manufacture of the base material, in addition to using JFE Steel's online accelerated cooling device (Super-OLAC TM ), which makes it possible to realize a cooling rate equivalent to the theoretical limit, precise control is applied from heating of the slab material to the rolling temperature, rolling reduction, cooling start temperature, and cooling end temperature, making it possible to realize the target properties.
Mechanical Properties of Base Material
Photo 1 shows the microstructure of the base material. A microstructure consisting mainly of fine ferrite has been obtained. Table 3 shows the results of a tensile test and Charpy impact test of the base material. The target properties shown in Table 1 were amply satisfied in both tests.
Strain Aging Property
Because offshore structural steels are generally used in steel pipe structures, large strain is applied to the material surface during manufacturing. Since toughness deterioration during the subsequent aging process becomes a problem, that property was evaluated. Prestrain of 5% or 8% was applied, and aging heat treatment was performed by heating the materials to 250°C and holding at that temperature for 1 h. Table 4 shows the results of the strain aged Charpy impact test. An adequate toughness value is obtained at −60°C, and the ductile-brittle fracture surface transition temperature (vTrs) also shows excellent toughness at −86°C or lower, even at 8% strain. 
Properties of Weld Joints
Welding Conditions
The welding conditions used with the developed steel plate are shown in Table 6 . Weld joints were prepared by multi-layer gas metal arc welding (GMAW) with the welding heat input of 0.7 kJ/mm and by multi-layer submerged arc welding (SAW) with 5.0 kJ/mm. Photo 2
NRL Drop Weight Property
An NRL drop weight test of the developed steel was performed in accordance with ASTM E208 (ASTM Standards). The test specimen shape was the P-3 type. Specimens were taken from the plate surface in the transverse (T) direction, and the nil-ductility transition temperature (T NDT ) was obtained. The drop weight energy was 400 J. The test results are shown in Table 5 . The T NDT temperature is −80°C or lower, showing an excellent property.
CTOD of Base Material
A CTOD test of the developed steel plate was performed based on BS7448 Part 1 (British Standards). Figure 5 shows the results. Satisfactory values were obtained at the test temperature of −40°C, under conditions both with and without post weld heat treatment shows the macrostructures of the weld joints.
Mechanical Properties of Weld Joints
The results of a tensile test and Charpy impact test of the weld joints are shown in Table 7 . The tensile strength of the joints and the joint Charpy values both amply satisfied the targets. Figure 6 shows the results of CTOD tests of the weld joints. The CGHAZ and sub-critically reheated HAZ (SCHAZ) were evaluated at the test temperature of −40°C based on BS7448 Part 2. The targets were amply satisfied in all cases, and it was found that the joints display high resistance to brittle fracture.
CTOD Property of Weld Joints
Conclusion
A CTOD −40°C YP420 MPa class steel plate with a thickness of 76.2 mm was developed as an offshore structural steel. Excellent base metal and weld joint performance could be obtained by applying Ca inclusions to HAZ microstructure control in order to improve HAZ toughness. 
